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Summary

The Pacific Northwest National Laboratory, as part of the Hanford Groundwater Monitoring Project,
examines the potential for offsite migration of contamination within underlying aquifer systems. Well
water-level elevation measurements from selected wells within these aquifer systems commonly form the
basis for delineating groundwater-flow patterns (i.e., flow direction and hydraulic gradient). In addition,
the analysis of water-level responses obtained in wells during hydrologic tests provides estimates of
hydraulic properties that are important for evaluating groundwater-flow velocity and transport
characteristics.

Barometric pressure fluctuations, however, can have a discernible impact on well water-level meas-
urements. These barometric effects may lead to erroneous indications of hydraulic head within the
aquifer. Total hydraulic head (i.e., sum of the water-table elevation and the atmospheric pressure at the
water-table surface) within the aquifer, not well water-level elevation, is the hydrologic parameter for
determining groundwater-flow dwection and hydraulic gradient conditions. Temporal variations in
barometric pressure may also adversely affect well water-level responses obtained during hydrologic
tests. If significant, adjustments or removal of these barometric effects horn the test-response record may
be required for quantitative hydraulic property determination.

This report examines the effects of barometric fluctuations on well water-level measurements and
evaluates adjustment and removal methods for determining areal aquifer head conditions and aquifer test
analysis. Two examples of Hanford Site unconfined aquifer tests are examined that demonstrate baro-
metric response analysis and illustrate the predictive/removal capabilities of various methods for well
water-level and aquifer total head values. Good predictive/removal characteristics were demonstrated
with best corrective results provided by multiple-regression deconvolution methods.

‘ Pacific Northwest National Laborato~ is operated by Battelle for the U.S. Department of Energy.
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1.0 Introduction

As part of the Hanford Groundwater Monitoring Project, Pacific Northwest National Laboratory
examines the potential on- and offsite migration of contamination within the shallow unconfined and
underlying upper basalt-confined aquifer system. As part of this activity, water-level measurements (i.e.,
water-level elevations) are routinely monitored within selected wells completed in these aquifer systems
to determine hydraulic head relationships. Analysis of hydraulic head conditions provides areal and
temporal information that can be used in the development of a water-table, or potentiometric, map for
inferring lateral groundwater-flow patterns (i.e., flow direction and hydraulic gradient) and for assessing
the flow dynamics of the monitored aquifer system. In addition, analysis of hydraulic head responses,
obtained in wells during hydrologic tests (e.g., pumping tests), provides estimates of hydraulic properties
important for evaluating groundwater-flow velocity and transport travel time within the aquifer system.

Various factors can afkt the accuracy of well water-level measurements and how they are used to
determine hydraulic head and to infer groundwater-flow conditions within an aquifer. These factors
include measurement error, well fluid-column density conditions, and external stress effkcts.

Measurement error includes the cumulative effect of instrument and measuring point elevation errors,
borehole deviation, and random measurement factors, such as operator error. Relevant discussions
pertaining to the assessment and correction of systematic components of measurement error are provided
in Garber and Koopman (1968), Winograd (1970), Spane andMercer(1985), and Spane and Thorne
(1986). Well fluid-column density conditions relate to factors that affect the height of a fluid colun in a
well above a known elevation datum. Factors that can af%ectfluid-column density include fluid temper-
ature, salinity, pressure, dissolved gas conteng multiphase conditions, and gravitational acceleration
effects. Generally, these factors are only significant for deep or thick aquifers having long fluid-column
lengths. A program (HEADCO) that accounts for various fluid-column density factors is described in
Spane and Mercer (1985). An application of the HEADCO program for converting/correcting well water-
level measurements to total hydraulic head for the determination of groundwater-flow conditions within a
confined aquifer system at the Hanford Site is presented in Spane (1987).

Natural external stresses that can influence well water-level measurements include barometric effects,
tidal or river-stage fluctuations, and earth tides. Earlier papers have addressed these effects on well
water-level measurements within confined and unconfined aquifer systems (e.g., Jacob 1940; Ferris 1963;
Bredehoeft 1967; Weeks 1979; Hsieh et al. 1988; Erskine 1991). Only recently, however, has the impor-
tance of removing external stress factor effects from water-level measurements for wells monitoring
shallow unconfined aquifer systems been recognized. This report focuses on applying barometric cor-
rection and removal tectilques presented in Rasmussen and Crawford (1997) to confined and unconfined
aquifer water-level measurements to determine groundwater-flow patterns and hydraulic property charac-
terization. Specifically, this report

. defines the governing equations used to describe groundwater flow

. assesses the impact of barometric pressure fluctuations on water-level measurements in wells
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evaluates the robustness of several methods for removal of barometric effects from hydrologic test
data collected during aquifer tests

recommends procedures for accounting for barometric effects in calculating aquifer hydraulic head
values for determining groundwater-flow characteristics

provides conclusions drawn from the calculations and discussions.

Information presented in this report pertains to conditions existing on the Hanford Site. The findings
and recommended procedures, however, have universal application for aquifer systems, but will be
particularly relevant for unconfined aquifer areas of small size and/or having low hydraulic gradient
conditions, which make determining groundwater-flow direction and hydraulic gradients particuhwly
difficult (e.g., 200 Ea$ Area of the Hanford Site).



2.0 Fluid Potential and Hydraulic Head

Hubbert (1940) presented the derivation of the theory describing groundwater-flow conditions for
homogeneous fluid systems (i.e., fluid properties invariant both spatially or with time) as being solely
dependent on availability of energy per unit weight of the fluid. Hubbert (1940) described this depend-

ence in terms of a scalar fluid or hydraulic potential, @

where g =

%“
Pi =
Pa =

P =

v=

4=gz.i+(Pi -PJ/p+v’/2 (2.1)

acceleration due to gravity, L/T2
elevation of pressure measurement point, Pi, above a reference datum, L
absolute fluid-pressure measurement at point, i, F/L2
atmospheric pressure at fluid surface, F/Lz
fluid density, M53
fluid velocity, L/T.

The first and second terms on the right-hand side of Equation (2.1) are the gravitational and pressure
potential energy, respectively. If Darcian groundwater-flow conditions exist (i.e., low fluid-flow
velocity), then the kinetic energy potential (the last term on the right) can be omitted, and Equation (2.1)
can be reduced to

(#)=gzj+&-Pa)/p (2.2)

As stated in Hubbert (1940) for Equation (2.2) to be strictly valid and unique, fluid density must be a
Iimctiononly of pressure. (Note: Nelson 1988 and Oberlander 1989 provide theoretical discussions for
describing flow when groundwater is nonhomogeneous ardor fluid density is not solely dependent on
pressure [e.g., temperature, salinity.])

Noting that the absolute fluid-pressure term can be expressed as a fluid-column height h, above the
measurement point, i, of a known or specified fluid density, Equation (2.2) can be expressed as

+=!%+ [(P*+ pa) - Pal/p (2.3)

which Hubbert ( 1940) reduces to

+=@ (2.4)

Fluid potential, them is equivalent to the product of the height of a fluid column of known density,
above a reference datum, z and acceleration due to gravity. For groundwater investigations, the reference
datum most commonly used is mean sea level, which is based on the National Geodetic Vertical Datum of
1929 (Heath 1983). In hydrologic investigations, the height of the fluid column, hfC,above mean sea level
is referred to as hydraulic head, H. For groundwater studies, hydraulic head within uncotilned and
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confined aquifers is normally determined by obtaining water-level measurements from wells and convert-
ing these measurements to hydraulic head values. The “observed” hydraulic head, ~, obtained from
water-level measurements can be expressed as

where we .

E=
Dw =

&= W,= E-DW (2.5)

water-level elevation, above reference datum, L
elevation of surface datum from which field measurement is made, L
depth from stiace datum to the fluid-column surface within the monitoring well, L.

In a two-dimensional groundwater-flow system (e,.g.,an aquifer confined between adjacent low-
permeability units or an unconfined aquifer underlain by a low-permeability formation, with a nonfluc-
tuating water table), point measurements of hydraulic head can be used to construct a potentiometric
(hydraulic head) map that represents the areal distribution of hydraulic potential within the aquifer.
Potentiometric maps can be used to infer directions of groundwater movemen~ with flow occurring
normal to contours of equal potential or head in systems with isotropic hydraulic conductivity. In situa-
tions where fluid-column densities vary significantly within the study are% observed hydraulic heads
must be corrected to a reference density fluid prior to use in potentiometric maps. The reference density
fluid normally used in hydrologic investigations is water at standard temperature and pressure conditions,
with a density equal to -1.00 g/cm3(0.999014 g/cm3; Spane and Mercer 1985). The observed hydraulic
head value corrected to this reference density fluid is referred to as a freshwater head (Lusczynski 1961;
De Wiest 1969).

The freshwater head, Hfi, can be expressed as a modification of the basic equation for observed
hydraulic head

and

where

and Pf =

hf. =
p% .

Po =

(see Equation [2.5])

Hfi = [(p~- p.)/p~ g] - z (2.6)

H-o= [0’f - P.YPO g] - z (2.7)

(P~- P,)= [(pOg)h~.]- zj (2.8)

formation pressure (absolute) at measuring point i, within the aquifer/well fluid column,
F/L*
height of well fluid column above measuring point, i, L
density of fi-eshwaterat standard temperature and pressure (0.999014 g/cm3), M/L3
average density of well fluid column above measuring poing i, M/L3.

Contouring areal freshwater heads produces a relief map of the potentiometric surface within a
hydrogeologic unit from which lateral energy gradients and areas of high and low potential can be
delineated (Toth 1978). Analysis of a freshwater potentiometric surface provides qualitative information
about the lateral direction and rate of groundwater flow.
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The previous discussion on use of freshwater head (Equation [2.6]) or observed head (Equation [2.7])
for delineation of groundwater-flow patterns assumes that the atmospheric pressure is uniform over the
area of investigation and/or the effects of atmospheric pressure variation (i.e., areal variation and what
exists at the aquifer boundary) are insignificant in comparison to areal fluid-head variations (i.e.,
hydraulic gradient) within the aquifer. This requirement of uniformity and relative significance of
atmospheric pressure is stated in theoretical discussions pertaining to groundwater flow as presented in
Hubbert (1940), Jacob (1940, 1950), Toth (1963, 1978), and Freeze and Witherspoon (1966, 1967).

To define groundwater-flow conditions more exactly, the atmospheric pressure that exists at the
upper aquifer boundary must be applied to the freshwater or observed hydraulic head described in
Equations (2.6) and (2.7). The total head, H~,cap then be expressed either as

H,= Hfi+Ha
or

Ht=Ho+H,

where H, is the atmospheric head component L.

(2.9)

(2.10)

These total head expressions are consistent with total head relationships presented in Hubbert (1940),
Domenico (1972), and Rasmussen and Cratiord (1997). Depending on whether freshwater or observed
head is used to delineate groundwater flow within a region (i.e., Equations [2.6] or [2.7]), the atmospheric
head component of the total head is equal either to P~(pti g) or P~(pOg). Commonly, the atmospheric
head component is calculated as an incremental value referenced to an Wbitrary atmospheric pressure
standard, &. For example at the Hanford Site, Spane (1987) used the long-term average 10.087-m
atmospheric pressure value recorded at the Hanford Meteorology Station, while Rasmussen and Crawford
(1997) used the standard 10.333-m atmospheric pressure at mean sea level for their study at Savannah
River.

While potentiometric maps are commonly used to depict steady-or pseudosteady-state conditions
within an aquifer, transient external stress effects (e.g., barometric pressure, river-stage fluctuations) can
exert a pronounced effect on field measurements within wells that are used to develop areal, steady-state
head relationships within aquifer systems. These transient effects on measurements made within wells
should be known and removed or accounted for. The removal of extenial stresses requires the systematic
correlation of baseline head-monitoring measurements with obseived external stress fluctuations. As will
be discussed, the removal of external stress effects is different for confined and unconfined aquifer
systems.

Once the relationship between the external stress and well hydraulic head measurements is estab-
lished, the variation of the external stress from a standard reference value can be effectively removed
from the hydraulic head measurement. An ex&nple of the effective removal of external stresses (i.e.,
barometric and Columbia River stage fluctuations) from water-level measurements obtained at a Hanford
Site confined aquifer-monitoring well is presented in Spane (1993). A detailed description of methods for
removing barometric pressure effects is presented in Section 4.0.
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3.0 Barometric Effects

Well water-level elevations and hydraulic head conditions within aquifers commonly respond to vari-
ations in atmospheric pressure. Barometric fluctuations represent an areal, blanket stress applied d~ectly
at land surface and to the open well water-level surface. The manner in which a well/aquifer system
responds to changes in atmospheric pressure, however, is variable and directly related to the degree of
aquifer confinement and hydraulic/storage characteristics of the wellkquifer system. Rasmussen and
Crawl%ord(1997) identified three conceptual models that describe well water-level measurement response
associated with barometric pressure change. These include an instantaneous well response within con-
fined aquifers, a delayed well response within unconfined aquifers (because of the delayed transmission
of barometric pressure through the vadose zone), and a delayed well response associated with well
characteristics (i.e., wellbore-storage and well-skin effects).

Rasmussen and Crawford (1997) provided a method for distinguishing the operative response model
affecting well water-level measurements associated with barometric pressure change. Diagnostic plots
for the three well-response models are shown in Figure 3.1. The plots show the time-lag dependence of
each barometric response model associated with a unit step change in atmospheric pressure. As shown in
Figure 3.1, each barometric response model has a distinguishing shape pattern that can be used diagnos-
tically for response-model identification. As might be expected, composite responses can occur between
the wellbore-storage model. and either aquifer model. It should be noted that the barometric model
patterns indicated in Figure 3.1 are specifically for well water-level response. Different barometric
response relationships would occur for total head conditions within the aquifer (i.e., non-well-response
models). Figure 3.2 shows the total head barometric response models within confined and unconfined
aquifer systems; wellbore effects are not represented as an aquifer model response. As shown, the
instantaneous and delayed aquifer-response patterns for.confined and uncotilnti aquifer systems are the
inverse to those etilbited for the well water-level-response patterns presented in Figure 3.1. For confined
aquifers, the total head-response pattern is a fimction of l-BE, which contrasts with the well response that
is a function of barometric efficiency, BE. For unconfined aquifers, the toti head response displays a
buildup (increasing) pattern, which contrasts inversely with the decreasing well-response pattern shown in
Figure 3.1 (unconfined aquifer model). A discussion of the relationship between barometric efficiency
and each individual barometric response model is presented below.

3.1 Confined Aquifers

For confined aquifers, the transmission of atmospheric pressure effects is instantaneous (i.e., both to
, the well and aquifer), with the magnitude of water level and formation pressure change (at any particular
locality) being fimctions of the degree of aquifer confinement rigidity of the aquifer matrbq and specific
weight of groundwater. Jacob (1940) was fmt to define the associated barometric response change in
water level within an open well that monitors a confined aquifer as the well/aquifer system barometric
efficiency

BE= - yfc(AhJAPa) (3.1)

3.1
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average specific weight of the fluid column in the well, F/L3

change in elevation of the well fluid column associated with atmospheric pressure
change, L

change in atmospheric pressure, F/L2.

It should be noted that the minus sign in Equation (3.1) is reflective of the inverse relationship
between fluid-column elevation and atmospheric pressure change (e.g., fluid-column elevation declines
with an increase in atmospheric pressure).

Downhole pressure measured within an open well is in equilibrium with the pressure in the confiied
aquifer, Pf, at the measurement elevation point. The aquifer pressure responds immediately to atmos-
pheric pressure fluctuations but at a magnitude equal to the atmospheric pressure change minus the
pressure change caused by the change in the fluid-column elevation within the well (Spane and Mercer
1985):

APf= APa+ yfc Ahw (3.2)

or combining with Equation (3.1):

APf= (l-BE) AP, (3.3)

Equations (3.2) and (3.3) indicate that the change in downhole formation pressure represents only that
portion of the atmospheric pressure change not borne by the test formation matrix. Therefore, high baro-
metric efficiencies reflect high strength and rigid Jest formations, while low barometric efficiencies
indicate highly compressible formations. In the extreme case of BE = 1, Pf does not vary with barometric

changes and AP. is offset by an equivalent change in well water level.

The method described in Clark (1967) is particularly usefid for calculating barometric efficiencies
fi-omconfined aquifer wells that are influenced by other extraneous pressure trends (e.g., distant ground-
water withdrawals). Briefly stated, the method determines the ‘barometricefilciency from the slope of a

summation plot of the incremental changes in downhole formation pressure, Z4Pf, versus the incremental

change in atmospheric pressure, ZAP,. Incremental changes in downhole formation pressure are added to
the summation total when the incremental si~ change is equal to that of the incremental atmospheric

pressure, AP,, sign change for the observed incremental period (e.g., when APfand AP. are both positive
or negative). Conversely, incremental changes in downhole formation pressure are subtracted born the
summation total when the incremental sign change is unequal to that of the incremental atmospheric
pressure sign change for the observed period. In addition, no incremental change in downhole formation
pressure is added to the summation total when no change in atmospheric pressure is recorded. A slightly
modified form of the Clark method was employed with good results by Davis and Rasmussen (1993) in
determining barometric efficiencies of confined aquifers at the Hanford Site.

To examine the possible magnitude of barometric effects on formation pressWe and well water-level
measurements for confined aquifers on the Hanford Site, hourly atmospheric pressure readhgs measured
at the Hanford Meteorology Station were examined for the year 1998. Atmospheric pressure changes are
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expressed in this report as equivalent change in freshwater head (in meters). During 1998, a maximum
range in atmospheric pressures of 0.508 m was recorded (9.838 to 10.346 m of water), with the greatest
variability occurring from fall through late spring because of the occurrence of fi-equentPacific storms.
In contrasg less variability is exhibited during the summer months and is primarily associated with
diurnal heating and cooling.

The mean 1998 hourly value of 10.061 m is only slightly less than the reported long-term hourly
average value of 10.087 m reported by Hoitink et al. (1999). The greatest daily atmospheric pressure
change ever observed for the Hanford Site is reported to be 0.35 m (Hoitink et al. 1999).

Figure 3.3 shows a comparison of observed July through December 1998 hourly atmospheric pres-
sures and predicted total hydraulic head and well water-level elevations. The predicted values were
calculated using Equations (2.10) and (3.3), a BE value of 0.7, and an initial total head/water-level
elevation of 150 m above mean sea level. It is important to note that the water-level elevations predicted
for the well example are not equal to the total head conditions within the adjoining aquifer. This is
because the change in applied atmospheric pressure is not accounted for by the surface-based depth-to-
water measurements (Equation [2.5]). Total head, however, can be calculated directly from downhole
absolute pressure values (Equation [2.7]). This is because the well water-level elevation varies by -BE to
a step change in atmospheric pressure (Equation [3. l]), while downhole formation pressurechanges by
+(1-BE) (Equation [3.3]). Based on the emple shown in Figure 3.3, a maximum well water-level

fluctuation of 0.356 m and a maximum 0.152-m change in total head would be predicted using the
observed 1998 atmospheric pressure record.

Figure 3.3 clearly shows the inverse relational difference between water-level elevation, W., and

observed hydraulic head, F&. W. varies by -BE (AP.), while ~ fluctuates by ( l-BE) (AP~. The 0.7 BE
value used in the example is indicative of a rigid confiied aquifer system, as would be expected for the
underlying basalt-confhed aquifer system at the Hanford Site. For sediment-confined aquifers, signifi-
cantly lower BE values would be expected. For BE values <0.5, associated barometric responses in
aquifer hydraulic head would be greater than water-level elevation fluctuations.

It is also important to note again that the downhole absolute pressure, Pf, within the well fluid column
and aquifer (for a given depth elevation) are equal. This is because the effects of atmospheric pressure
stress are applied uniformly and instantaneously, both at the fluid-column surface in the well, as well as
causing a change in downhole formation pressure equal to that shown in Equations (3.2) and (3.3). If an
absolute pressure gauge is not used to obtain monitoring well measurements, total head within the aquifer
can be calculated by simply adding the incremental change in atmospheric pressure from the reference
vaiue to the observed head determined horn a well water-level measurement (Equation [2.5]), as indicated
in Equation [2.10]).

As noted by Rasmussen and Crawford (1997), the diagnostic barometric response pattern for a
confined aquifer model is distinguished by a constant well-response fimction for a step in pressure for all
time lags (see Figure 3.1). This constancy in barometric response is attributed to the lack of dependence
on lagged barometric response (i.e., barometric effects are applied “inst@aneously” both at the well
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Figure 3.3. Predicted Confined Aquifer/Well Water-Level Elevation and Hydraulic Head Response,
Based on Hanford Meteorology Station 1998 Hourly Atmospheric Pressure Measurements

and to the aquifer system). For the example shown, a 0.6 BE value is indicated. For this conditio~ the
total hydraulic head within the confined aquifer would change instantaneously by 4/1 Oti the barometic
change amount. In conpas~ the well water-level elevation would change inversely by 6/10*s the baro-
metric change amount.

3.2 Unconfined Aquifers

Although wells monitoring unconfined aquifers respond to barometric pressure fluctuations, different
mechanisms are involved thap previously described for confined aquifer systems. As noted by
Rasmussen and Crawford (1997), the diagnostic barometric response pattern for an unconfined aquifer
well completed below the water table is distinguished by a decreasing water-level response pattern for a
step change in pressure for increasing time lags (see Figure 3.1 [unconfined aquifer model]). This charac-
teristic response pattern is caused by an imbalance in atmospheric pressure values within the well/aquifer
system. For an open unconfined aquifer system, atmospheric pressure changes are transmitted instanta-
neously at the well, but display a time-lagged response at the water table because air must move into or
out of the overlying vadose zone to transmit the change in pressure. The rate of air movement within the
vadose zone is a direct function of its vertical pneumatic diffusivity (Weeks 1979) that in turn, is a
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fimction of the vadose zone vertical permeability, moisture content and compressibility of contained gas.
For vadose zones exhibiting low pneumatic difisivities and/or significant thickness, unconfined aquifer
wells will exhibit major water-level fluctuations (i.e., apparently high barometric efficiency values)
because of atmospheric fluctuations. This type of behavior, when viewed versus time (e.g., well water-
level hydrography),appears to be very similar to confined aquifer behavior. However, when analyzed
diagnostically (as shown in Figure 3.1) versus lagged time, the unconfined aquifer exhibits a distinctly
different response pattern.

To illustrate the well/aquifer dynamics associated with atmospheric pressure fluctuations propagated
through the vadose zone to the water table and its associated response on open well water levels, the
Weeks (1979) vadose zone air-flow model, WB@ was used. Figure 3.4 shows the predicted water-level
elevation response and aquifer total head response resulting born a single step change in atmospheric
pressure of +1 m for three indicated vadose zone pneumatic difisivities, D,, and for a vadose zone thick-
ness of 75 m. As indicated for the low Davalue case (0.002 m2/s), the propagation of the atmospheric
pressure change is delayed several days and reaches only 25 YO of the total step change 6 days after
initiation of the step increase. As a consequence, water levels within the well would be “rapidly”
depressed by the full arnomt of the atmospheric pressure change (i.e., 1 m) because of the direct appli-
cation of the pressure step to the open well fluid-column surface. .The well water-level elevation would
then recover to the pre-step static level on arrival of the atmospheric pressure signal through the vadose
zone to the water-table surface. As also shown in Figure 3.4, more rapid well water-level recovery is
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Figure 3.4. Unconfined Aquifer/Well Water-Level Elevation and Hydraulic Head Response
for a l-m Step Change in Atmospheric Pressure
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exhibited for increasing vadose zone Davalues. It is important to note that the water-level recovery
profiles parallel the total head profile buildup and can be duplicated by simply adding the atmospheric
pressure change component (i.e., 1 m) to the observed water-level elevation response, as was discussed
for the confined aquifer case.

To assess the magnitude of barometric fluctuation effects on predicted well water-level elevations and
total heads for unconfined aquifers on the Hanford Site, hourly atmospheric pressure readings measured
at the Hanford Meteorology Station were examined for 1998. Figure 3.5 shows a comparison of observed
July through December 1998 hourly atmospheric pressures and predicted total head and well water-level
elevations. The predictions are based on the WBAR program (Weeks 1979) and an initial total head/
water-level elevation of 150 m above mean sea level. As in the confiied aquifer evaluation, it is import-
ant to note that the predicted water-level elevations for the unconfined aquifer/well example are not

equal to the total head conditions within the adjoining aquifer (if determined by surface-based depth-to-
water measurements-Equation [2.5]). The total head in the aquifer is, instead, equivalent to the downhole
absolute pressure values (Equation [2.7]) because the well water-level elevation varies inversely by the
change in atmospheric pressure (as applied at the well) minus the change in atmospheric pressure
reaching the water table. The total head within the unconfined aquifer varies directly by the amount of
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atmospheric pressure change reaching the water table, which as discussed previously is a time-delayed
process. Based on the exampleshown in Figure 3.5, a maximum well water-level fluctuation of 0.454 m
and a maximum 0.292-m change in total head would be predicted using the observed 1998 atmospheric
pressure record.

3.3 WeHbore Effects

The discussions pertaining to barometric pressure effects within confined and unconfined aquifer
systems assume that no delay occurs in transmitting changes in barometric pressure from the well to the
aquifer system. In reality, the transmission of the barometric pressure change between the well/aquifer
system is delayed because of the time required for movement of a finite volume of water between the well
and the surrounding aquifer. The time delay associated with the movement of wellbore fluid is dependent
on the aquifer properties (i.e., transmissivity, storativity) and existing wellhorehole conditions (i.e.,
wellbore-storage and well-skin effects).

Because ofkhe pressure imbalance characteristics that exist between a well and aquifer at the instant
of barometric change, previous investigators (e.g., Furbish 1991) have noted that these momentary pres-
sure imbalances can be treated as individual step changes in pressure (i.e., AP~[1-BE]), which are applied
at the well. These applied barometric pressure steps can be treated as individual well slug tests, which
can be superimposed to provide the combined pressure response transmitted to the aquifer. Furbish
(1991) and Rasmussen and Crawford (1997) used the Hvorslev (1951) slug test model for describing this
barometric well response, based primarily on aquifer properties. However, because of the limiting
assumptions of the Hvorslev model pertaining to wellbore storage as noted in Butler (1998), the analyti-
cally based Cooper et al. (1967) method can be used more rigorously to describe delayed barometric
induced responses caused by wellbore-storage and/or similar models that account for both wellbore-
storage and well-skin effects (Novakowki 1990; Liu and Butler 1995).

Figure 3.6 shows the diagnostic well-response fimction for a slug test affected by wellbore storage for
a unit step change in barometric pressure. The predicted slug test/wellbore response was calculated using
the Kansas Geological Survey slug test model described in Butler (1998) and the following aquifer/well
properties: transmissivity 0.01,0.1, 1.0 m2/& storativity 0.0001; well casing radius 0.051 m. As indi-
cated in Figures 3.1 and 3.6, the wellbore-response function is distinctly different than the instantaneous
constant pattern exhibited by a confined aquifer and opposite that exhibited by an unconfined aquifer
model. The delayed wellbore response is a ftmction solely of the aquifer and well properties. As shown
in Figure 3.6, lower aquifer transmissivi~ values significantly increase the delayed nature (time lag) of
the well-response fimction. For most common well/aquifer conditions, no observable time lag would be
expected for transmissivity values greater than -10 m2/d (i.e., >95°/0of the wellbore effect is dissipated
within 5 rein). Increasing wellbore radius and decreasing aquifer storativity also cause increases in tirne-
Iag behavior.

It should also be noted that the wellbore-storage responses shown are for the case of no skin/damage
effects (i.e., skin = O). Positive well-skin effects cause an extension in the time delay associated with
wellbore storage. Figure 3.7 illustrates this additional delay for the wellbore-storage-response patterns
shown in Figure 3.6. A positive skin factor of +6.2 was used in developing the combined
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wellbore-storage/skin-response patterns shown. For illustrative purposes, a positive skin of +6.2, based
on the standard finite-thickness skin relationship presented in Earlougher (1977), is equivalent to a
damaged zone having a reduced hydraulic conductivity equal to l/10* the aquifer, extending an additional
wellbore radius from the well (rti = 0.102 m, r~ = 0.051 m) into the surrounding aquifer.

It should be noted tha~ in reality, a well-response pattern, based only on wellbore-storage/slug-test
behavior, would not occur without also being associated with either a confiied or unconfined aquifer well
response. For such composite models, the initial and early time-lag responses follow the wellborestorage
pattern, transitioning in later time to the appropriate aquifer model. To illustrate a composite well-
response pattern, the combined wellbore-storage and confined and unconfined aquifer models are shown
in Fig&es 3.8 and 3.9, respectively. The same wellbore-storage conditions in Figure 3.6 were used in
Figures 3.8 and 3.9 together with the indicated aquifer and “wellproperties. Rasmussen and Crawford
(1997) provided similar field test example plots, displaying a composite wellbore-storage and aquifer
model behavior.
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4.0 Barometric Removal Techniques

Water-level measurements obtained tiom monitoring wells are commonly used for delineating areal
groundwater-flow direction and velocity. They are also used in aquifer test analysis for estimating the
hydraulic properties of aquifers. Water-level measurements obtained from open (to the atmosphere)
wells, however, can be signtilcantly tiected by transient variations in atmospheric pressure, causing
erroneous calculations of hydraulic head and having adverse effects on aquifer test analysis results. How
barometic effects are accounted for is dependent on the ch~acterization application (i.e., groundwater-
flow pattern delineation or aquifer test analysis).

For flow-pattern delineatio~ the objective is to determine the areal total head distribution within the
aquifer. As discussed in Section 3.0, if the diagnostic barometric response for a well is clearly unaffected
by wellbore-storage/skin conditions, then well water-level measurements can be used directly for calcu-
lating aquifer total head conditions at the time of measurement. Total aquifer head can be calculated from
well measurements by adding the incremental change of atmospheric pressure at the time of measurement
(i.e., from the reference site atmospheric pressure value) directly to the observed water-level elevation
measurement. For Hanford Site applications, it is recommended that the long-term, average, atmospheric
pressure reading (10.087 m) at the Hanford Meteorology Station be used as the reference v~ue. As pre-
sented in Section 3.0, analysis of the total head distribution (and not well water-level elevation) provides
the basis for determining groundwater-flow characteristics within the aquifer. An example, using the
recommended analysis procedure for determination of groundwater-flow direction and hydraulic gradient
in low-gradient areas, is provided in Section 5.0.

For aquifer test analysis, the change in hydraulic head versus time imposed by a hydrologic test (as
measured in wells) can be analyzed to provide estimates of hydraulic properties. Inherent in aquifer test
analysis is the assumption that any extraneous stress effects that influence head measurements obtained
during hydrologic testing be effectively removed. As indicated previously, barometric effects can exert a
significant impact on well water-level measurements and hydraulic head conditions within the aquifer.
These effects can become particularly important in the analysis of long-duration hydrologic tests, such as
constant-rate pumping. Removal of barometric effects is dependent on the diagnostic response model
exhibited by the well/aquifer system with different removal methods recommended for confiied and
unconfined aquifers, “Wwell as for those exhibiting composite model-response behavior.

The removal of barometric effects from well water-level measurements has been examined by several
investigators. Because of the frequency characteristics of barometric pressure fluctuations (e.g., diurnal),
some removal techniques have focused on frequency-based methods (e.g., Chien et al. 1986; Rojstaczer
1988; Quilty and Roeloffs 1991). However, as noted by Furbish (1991), the application of fiequency-
domain removal methods for well measurements is not analytically straightforward. For this reason, more
direct methods for predictive/removal of barometric effects are examined in this report. A detailed
discussion of the various barometric removal methods for confined and unconfined aquifer systems.is
presented below.
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4.1 Confined Aquifers

Because of the instantaneous transmission of atmospheric pressure effects within confined aquifers,
removal techniques for barometric fluctuations within these systems are generally simple and have been
discussed in detail previously in the literature (e.g., Clark 1967). Although barometric fluctuations repre-
sent an areal, blanket stress applied to a confined aquifer, the magnitude of formation pressure change at
any particular locality is a fimction of the degree of aquifer confinement, rigidity of the aquifer ma@
and specific weight of groundwater.

Generally, stresses imposed by hydrologic tests exceed those imposed by atmospheric pressure fluctu-
ations on”theaquifer. The removal of barometric effects, however, is expected to be more important for
hydrologic tests of long duration (e.g., pumping test recovery) and/or tests with low-magnitude hydraulic
responses (e.g., slug interference tests).

Briefly stated, the removal of barometric fluctuations from hydrologic test data requires the following
steps:

L.

3.

4.

collect test site atmospheric pressure values and associated aquifer formation pressure values for
a pre- or post-test baseline period, during which no other extraneous stresses are imposed on the
welllaquifer system

determine the long- and short-term barometric efficiencies for the baseline well data record, using the
linear-regression algorithms outlined in Rasmussen and Cratiord (1997) for distinguishing between
confined and unconfined aquifer behavior

perform diagnostic barometric response analysis of the baseline well data record using the multiple-
regression convolution method described by Rasmussen and Crawford (1997) to distinguish between
aquifer or composite well/aquifer model behavior

depending on the operative well/aquifer-responke model, remove barometric induced changes from
the test data record using either multiple-regression deconvolution or the Clark (1967) method.

For aquifer test applications, it is recommended that a minimum of 5 days of pre- and/or post-test
baseline data be collected for long-term, BEIO,~,and short-term, BEtiOfi,calculations. Test data recording
frequencies between 10 to 60 min have been observed to produce consistent BE calculations for baseline
collection periods for Hanford Site conditions. As noted in Rasmussen and Crawford (1997), long-term
regression is determined by direct linear regression of the observed barometric and well water-level data,
while short-term regression can be determined by linezu-regression analysis of the observed changes in
barometric and well water-level data using the Clark (1967) method. (Note: A brief discussion of BE
calculation using the Clark 1967 method is presented in Section 3. 1.) A comparison of the linear-regres-
sion slopes (i.e., BE values) for the two methods is indicative of either confined or unconfined aquifer
behavior. As indicated by Rasmussen and Crawford (1997) for confined aquifer situations, wherein well-
bore storage and well skin are not significant no difference in the calculated BEIO,~and BE*OR
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linem-regression relationships is expecte~ while for unconfined aquifers, BE~oti> BE]on&For cases
where wellbore storage/well skin are evident a 13El~~> BE~Ofirelationship for composite well/confined
aquifer systems is exhibited.

To evaluate or identifi more filly the operative barometric response model (i.e., between aquifer or
composite well/aquifer behavior), analysis of the baseline well data record using the multiple-regression
method described by Rasmussen and Cratiord (1997) is recommended. As discussed in Section 3.0 and
shown in Figure 3.1, the diagnostic barometric response pattern for a confined aquifer model is distin-
guished by a constant well-response fi,mction for a step in pressure for all time lags. This constancy in
barometric response is attributed to the lack of dependence on lagged barometric response (i.e., baro-
metric effects are applied “instantaneously” both at the well and to the aquifer system). A composite
well/confined aquifer model would display a low dependence for small time-lag values, progressively
increasing and becoming constant with larger time lags as shown in Figure 3.8.

Once the operative well/aquifer-response model has been identified, barometric induced changes
within the hydrologic test data can be removed, using either multiple-regression deconvolution (for com-
posite response systems) or the Clark (1967) method (for simple, confined aquifer models). Removal of
barometric effects during testing requires that a reference atmospheric pressure be used to correct the
aquifer test data record. For most hydrologic test applications, the observed atmospheric pressure imme-
diately prior to test initiation is used as the reference atmospheric pressure. Examples mid discussions of
removing barometric pressure effbcts from hydrologic test data for confined aquifers on the Hdord Site ~
using the Clark (1967) method are provided in Spane (1992, 1993). An example of the corrective
procedure for test data that exhibit delayed well-response characteristics (i.e., for unconfined aquifer or
composite well/aquifer models) is provided below.

4.2 Unconfined Aquifers

Because water-level measurements from ~confined aquifer wells exhibit variable time-lagged
responses to barometric fluctuations (i.e., the well water-level response is dependent on the duration/
magnitude of the barometric pressure change and vadose zone characteristics), the removal procedure is
not as simple or straightionvard as for wells monitoring confined aquifers. The initial steps for removing
barometric effects from unconfined aquifer hydrologic test data are the same as steps 1,2, and 3 in
Section 4.1 for confined aquifers. Linear- and multiple-regression diagnostic methods are used to veri~
the operative barometric response model. Then, one of the methods discussed below can be used to
remove barometric effects from head measurements collected during hydrologic tests. The removal
method selected is dependent on the tie of response model exhibited (e.g., unconfhed aquifer or com-
posite wellbore storagehmconfmed aquifer) and characteristics of the monitoring system employed. The
three removal methods discussed include a closed-well system, multiple regression, and vadose zone
model, followed by a brief comparison of the three methods.

4.2.1 Closed-Well System

A closed-well system provides a direct means of eliminating the effects of wellbore storage caused by
direct atmospheric pressure fluctuations applied within open-well facilities. As previously discussed, the
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presence of wellbore-storage effects complicates the barometric removal procedure. Eliminating this
component of a composite well/aquifer barometric response facilitates the removal with either multiple-
regression deconvolution or the vadose zone model (discussed in the following sections). Close&well
system pressures measured with an absolute pressure gauge provide total head values within the aquifer
and represent the water-table elevation and the component of atmospheric pressure that is transmitted
through the vadose zone to the water-table surface. For a static water-table elevation condition within an
unconfined aquifer, closed-well system measurements would vary only as a result of the time-lagged
response to atmospheric pressure changes occurring at land surface. As described in Section 3.2, the
magnitude and time-lag characteristics of atmosphe~c pressure transmission to the water-table surface are
a fimction of the pneumatic diffusivity, moisture content thickness, and compressibility of the gas phase
within the vadose zone.

To evaluate the variability of total head measurements occurring within the Hanford Site unconfined
aquifer, data were collected over a 4-week period (August 6- September 3, 1998) using a Westbay
Instruments, Inc. closed-well monitoring system at well 699-43-42K. T@ closed-well installation
provides access to four separate depth intervals using a Westbay Instruments Multiport (MPm) system.
A detailed description of the test facility is presented in Gihnore (1989) and Gihnore et al. (1991).
Previous hydrologic characterization tests conducted using this facility are presented in Spane and Theme
(1995) and Spane et al. (1996). The lower three ports were monitored during this period and provided
nearly identical total head measurement patterns. The measurement point depths of the three zones were
located approximately 0.5,4.5, and 9 m below the water table, which at that time was -53 m below
ground surface. Each of the individual monitoring intervals was isolated with bentonite grout placed
in the annular area outside the well. A Westbay Modular Subsurface Data Acquisition System
(MOSDAXm) was used to record monitoring zone pressures simultaneously, as well as test site atmos-
pheric pressure conditions. The test data were collected at 10-rein intervals, with the objective of
providing a data set of total head within the aquifer, which could be used to assess barometric removal
techniques in support of aquifer test applications. A discussion and demonstration of the barometric
removal techniques are provided below.

The monitoring system employed at the facility provides a closed-well system at the point of pressure
measurement thereby eliminating the impact of wellbore-storage effects on total head measurements. If
a monitoring well is closed or isolated above the water table (e.g., with a surface wellhead system), the
compressibility of the closed air (gas) column above the water table will cause additional time delay and
possibly dampen downhole pressure measurements in comparison to actual aquifer conditions.

Figure 4.1 shows the variability of total head at well 699-43-42~ as recorded for the middle closed-
well monitoring interval (zone 3), located -4.5 m below the water table. As shown, an apparent high
visual correlation between total head and site atmospheric pressure conditions is evidenk suggesting a
relatively rapid transmission of the atmospheric pressure fluctuation signal through the 53-m vadose zone
thickness. For comparison purposes, the theoretical open-well water-level elevation response (i.e., if the
well were not closed in) is also shown. The well water-level response was calculated (assuming no
wellbore-storage effects) by subtracting the atmospheric pressure change occurring at land surface
directly from the total head measurement obtained for the monitoring interval, as was discussed pre-
viously. As indicated in Figure 4.1, the well water-level elevation response exhibits considerably less
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Figure 4.1. Total Head and Atmospheric Pressure Measurements for Well 699-43-42K Zone 3
(closed-well system), August 6- September 3,1998

variability and is a poor indicator of total head variability occurring within the aquifer. This lack of well
water-level response is attributed to the rapid vadose zone transmission of the atmospheric pressure,
which lessens the impact .ofatmospheric pressure changes applied immediately to the open well.

Linear-regression analysis of the observed data indicates that the total head trend was approximately
twice that indicated for the barometric pressure record (-2.8E-03 versus -1.2E-03 ndd). This suggests that
a background water-table trend was prevalent during the 4-week period of observation. The observed
back~ound negative trend in total head (-1.6E-03 m/d) is consistent with decommissioning activities at
the nearby B Pond recharge fwility, and this declining head trend has been observed at other surrounding
monitoring well locations.

4.2.2 Multiple-Regression Techniques

Multiple-regression deconvolution techniques can be utilized to remove barometric effects from
hydrologic test data that exhibit either aquifer or composite wellbore-storage/aquifer-response charac-
teristics. To demonstrate the removal procedure, the 4-week total head record for zone 3 (shown in
Figure 4.1) was analyzed using the multiple-regression technique described in Rasmussen and Cratiord
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(1997). Changes in observed to@ head, A H,, versus associated time-lagged barometric pressure changes,

AB, were used in the regression rather than observed E versus observed B. Figure 4.2 shows the diag-
nostic barometric response pattern obtained from the observed total head multiple-regression analysis for
all three monitoring zones. The total head analysis results are consistent with an unconfined aquifer baro-
metric response model, as shown in Figure 3.2. The rapid transmission of barometic pressure through
the vadose zone at this site is evident by the larger head-response dependence for early time-lag periods.

A comparison of the monitoring zone-response patterns indicates nearly identical characteristics for
zones 3 and 4, the deepest monitoring zones. The reason for the slightly time-lagged response for zone 2,
which suggests additional wellbore storage, is not completely understood. The previous hydrologic
testing activities (see Spane and Thorne 1995 and Spane et al. 1996) at the site maybe responsible for
incorporating air/gas at the top of the unconfined aquifer as a result of the lowering and subsequent
recove~ of the water-table surface. This could possibly explain the “storage-” induced, time lagged
response observed by the top monitoring zone, which is in proximity to the current water-table surface
(i.e., within 0.5 m).
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Figure 4.2. Total Head Barometric Response Patterns for Well 699-43-42K Zones 2,3, and 4

4.6



To demonstrate the “goodness-of-fit” of the regression analysis, the predicted total head response was
calculated for zone 3, based on the multiple-regression coefllcients determined for 0.5-h time lags, for a
maximum 9-h period (Table 4.1). Figure 4.3 shows the comparative match between observed and pre-
dicted total head using the multiple-regression method. As indicated, a very close match was obtained for
zone 3 (~= 0.99). Similar matches were also obtained for zones 2 and 4 (not shown).

Given the high correspondence between predicted and observed total head, it is expected that adverse
barometric effects could be effectively removed from hydrologic test data. To remove the effects of the
barometric fluctuations, a total head correction was calculated by summing the products of the previously

Table 4.1. Multiple-Regression Analysis Results for Closed- and Open-Well System Measurements
Obtained at Well 699-43-42K

BarometricRegressionAnalysis

TotalHead TotalHead WellWaterLevel
Closed-WellSystem(’) Open-WellSystem@) Open-WellSystem(c)

Tme Regression Regression Regression Regression Regression Regression
Lag,h Coefficient CoefficientSum(d) Coefficient CoefficientSum(o Coefficient CoefllcientSum(d)

0.0 0.1652 0.1652 0.1329 0.1329 -0.8676 0.8676

0.5 0.1216 0.2868 0.1576 0.2905 .0.1587 0.7089

1.0 0.1700 0.4568 0.0923 0.3828 0.0910 0.6179

1.5 0.1142 0.5710 0.1362 0.5190 0.1374 0.4805

2.0 0.0482 0.6192 0.0725 0.5915 0.0729 0.4076

2.5 0.0698 0.6890 0.0900 0.6815 0.0879 0.3197

3.0 0.0505 0.7395 0.0038 0.6853 0.0043 0.3154

3.5 0.0226 0.7621 0.0693 0.7546 0.0714 0.2440

4.0 0.0176 0.7797 0.0137 0.7683 0.0120 0-2320

4.5 0.0043 0.7840 0.0067 0.7750 0.0082 0.2238

5.0 0.0496 0.8336 0.0479 0.8229. 0.0473 0.1765

5.5 0.0041 0.8377 0.0091 0.8320 0.0076 0.1689

6.0 0.0466 0.8843 0.0255 0.8575 0.0270 0.1419

6.5 -0.0394 0.8449 -0.0146 0.8429 -0.0151 0.1570

7.0 0.0244 0.8693 0.0460 0.8889 0.0462 0.1108

7.5 ‘ 0.0279 0.8972 -0.0544 0.8345 -0.0547 0.1655

8.0 -0.0159 0.8813 0-0061 0.8406 0.0052 0.1603

8.5 0.0292 0.9105 0.0289 0.8695 0.0290 0.1313

9.0 0.0056 0.9161 0.0291 0.8986 0.0303 0.1010
:a) Closed-systemdata collectedbetweenAug@ 6 and September3, 1998.
$) Open-systemdatacollectedbetweenSeptember7 and 30,1998.
{c) Calculatedwater-levelelevationdata for September7 and 30, 1998.
{d) Absolutevaluesfor regressioncoefficientsummation.
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determined regression coefficients multiplied by their respective time-lagged AB values. The summed
head correction was then subtracted from the observed total head values. The comparison of observed
and corrected total head values is shown in Figure 4.3; essentially all of the observed total head variability
caused by barometric fluctuations during the time period was eliminated. This suggests that the signifi-
cant effects of barometric fluctuations on total head conditions within the aquifer that would occur during
hydrologic tests conducted at the site could be effectively removed using a closed-well system and
multiple-regression deconvolution techniques.

As discussed in Section 4.1, closed-well systems provide a means of eliminating wellbore-storage/
skin effects from open-well system measurements. The only differences, then, between total head meas-
urements obtained between open- and closed-well systems are the delayed effects caused by wellbore-
storage effects. In an effort to evaluate any differences between open- and closed-well measurements, the
pumping port was opened for monitoring zone 3, and total head measurements were reeorded with the
same absolute pressure probe suspended within the open-well monitoring system. Figure 4.4 shows the
open-well system response for the period September 7-30, 1998. As indicated, a similarly high visual
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Figure 4.4. Total Head and Atmospheric Pressure Measurements for Well 699-43-42K Zone 3
(open-well system), September 7-30,1998

correspondence between total head and barometric pressure fluctuations was exhibited. During this
period, a positive linear trend in barometric pressure (2.3E-03 m/d) caused an associated positive trend
within the observed total head (1. lE-03 m/d). The negative background trend (1.2E-03 m/d), as reflected
for the theoretical open-well water-level elevation plot is comparable to the 1.6E-03-m/d trend calculated
earlier for the closed-well measurement period.

To compare open- versus closed-well system characteristics, barometric response analysis was
performed on the 23-day total head record shown in Figure 4.4. A comparative plot of the barometric
response characteristics, based on 0.5-h measurements, is provided in Figure 4.5. The proximity and
overall .similari@in diagnostic plot patterns indicate that no significant wellbore-storage/skin effects
are operative; however, the slight time-delay shift exhibited for most open-well measurements may be
suggestive of some minor effects. The lack of dominant wellbore-storage effects for this open-well
installation is expected, given the moderate 7.8-m2/d aquifer transmissivity reported for the well site
(Spane et al. 1996) and the small, open-well diameter (0.019 m).
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Figure 4.5. Comparison of Open Versus Closed System Total Head Barometric Response Patterns
for Zone 3

For comparison purposes, the theoretical open-well water-level plot shown in Figure 4.4 was also
analyzed. The total head and water-level barometric response plots shown in Figure 4.5 are both consis-
tent with an unconfined aquifer model, as illustrated previously in Figures 3.1 and 3.2. A comparison
summary of time-lag barometric response coet%cients obtained from multiple-regression analysis of total
head and theoretical water-level elevation data (for closed- and open-well systems) is given in Table 4.1.

A comparison of the observed and corrected total head values for the open-well system is shown in
Figure 4.6. As for the closed-system comparison, essentially all of the observed total head variability
caused by barometric fluctuations during the open-well co@uration was eliminated using the multiple-
regression deconvolution tecluiques.

The open-well example examined above is not representative of standard monitoring well character-
istics at the Hanford Site. Most Hanford Site monitoring wells have a larger well-casing radius (e.g.,
0.051 m) and commonly have the water table within the well-screen section. The larger well diameter
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Figure 4.6. Multiple-Regression Match and Barometric Correction of Open-Well Total Head
Response for Well 699-43-42K Zone 3

(wellbore-storage effects) and position of the water table (allowing direct transmission of the atmospheric
pressure signal) would be expected to add additional complexity for removal of barometric pressure
effects.

To assess the efficacy of barometric removal from test data obtined from standard-size, open-well
systems at the Hanford Site, a 30-day period of test data obtained from well 299-E33-41 W* examined
using multiple-regression methods. The well site is located-3 km northwest of the previously discussed
well 699-43-42K. The monitoring well was constructed in 1991, following State of Washington ‘guide-
lines (WAC 1990). The well was constructed with a 5-m well screen (0.05 l-m I.D.), which was com-
pleted over the depth interval 74.6 to 79.6 m below ground surface. The water-table depth during the
monitoring period was -77.7 m below ground surface. Well water-level response was recorded with a
downhole differential (gauge) pressure transducer and data-logger system at a frequency of hourly read-
ings between January 30 and March 1, 1999. Site barometric pressure readings were also recorded
simultaneously with the water-level measurements.
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Figure 4.7 shows the well water-level elevation and calculated total head response, as compared to
site barometric pressure readings. As shown, considerably more variability in water level and total head
(0.14 and 0.40 m, respectively) is evident for the well 299-E33-41 data record than was observed at well
699-43-42K. (Note: vertical scale for Figure 4.7 is twice that used in Figure 4.1.) The higher variability
is attributed to the greater fluctuations in barometric pressure that occur during the winter and spring
months. As shown, a slightly declining water-level trend (-5 .8E-04 m/d) was exhibited during the moni-
toring period. This is also reflected in the trend differences exhibited between barometric pressure and
calculated total head. Diagnostic barometric response (multiple regression) analysis for the well water
level and calculated total head is shown in Figure 4.8. The water-level and total head patterns displayed
are consistent with an unconfined aquifer with wellbore-storage/skin effects. This composite model
behavior is also suggested by the short- and long-term linear-regressionhrometric efficiency relation-
ships exhibited by the water-level data (BEShOti= 0.39; BEl~~ = 0.32). For unconfined aquifers, wellbore
storage lessens”the early time-lag response, making the short- and long-term BE closer in magnitude.

Water-Level Elevation
(Offset = 0.2 ml

Well 299-E33-41
Trend = -5.8E-04 mid {

4
~ .. . . .. . .. . .... .. .. . . ------- -- ... ... ...

r%
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Figure 4.7. Observed Well Water-Level, Calculated Total Head, and Atmospheric Pressure
Measurements for Well 299-E33-41, January 30- March 1, 1999
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Comparison of Observed Well Water-Level and Calculated Total Head Barometric
Response Patterns for Well 299-E33-41

Figure 4.9 shows the comparison of observed and corrected total head values using the multiple-
regression deconvolution techniques. As indicated, a significant amount of the observed total head vari-
ability caused by barometric fluctuations was eliminated using this removal method. While significantly
reduce~ the corrected total head for well 299-E33-41 exhibits more variability than for the closed-well
installation at well 699-43-42K. The greater variability displayed is attributable to the presence of
wellbore-storage/skm effects and the well-screen completion across the water table (allowing atmospheric
pressure fluctuations to be imposed to the water table through the well).

4.2.3 Vadose Zone Model

The vadose zone model (WBAR program of Weeks 1979) was also used to analyze the observed
closed- and open-well responses to evaluate its utility for removing barometric effects fkom total head and
well water-level data. It should be noted that the original WBAR program only predicts open-well water-
level response. To facilitate closed-well response prediction, Weeks, in a personal communication to the
author in 1999, provided a modification to the program.
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Figure 4.9. Multiple-Regression Match and Barometric Correction of Well Water-Level and Total
Head Response for Well 299-E33-41

Figure 4.10 shows the results of matching the observed total head and theoretical water-level eleva-
tion obtained with the closed-well system for zone 3 in well 699-43-42K. As shown, the vadose zone
model provides a close match to both total head and water-level data records. The final match was
derived using a pneumatic difisivily of 0.15 m2/s .md a water-table trend of -1.6E-03 rdd. The moder-
ately high pneumatic diffhsivity, obtained with vadose zone model analysis, is consistent with the pre-
vious regression analysis findings of relatively rapid transmission of the barometric signal to the water
table (i.e., high dependence on early time lags).

Figure 4.11 shows the total head barometric correction plot developed using the vadose zone model.
The vadose zone model results can be directly compared with the multiple-regression correction plot
presented in Figure 4.3. A visual examination of the two methods indicates slightly more residual vari-
ability for the vadose zone model in comparison to the multiple-regression results. Similar findings were
obtained when comparing model analysis results for the open-well data record (for both total head and
water-level elevation) at well 699-43-42K.

To evaluate the applicability of this method for removing barometric effects from well measurements
exhibiting wellbore-storage/skin effects and with well-screen completions across the water table,
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well 299-E33-41 response data (see Figure 4.7) were also analyzed using the vadose zone model. Fig-
ure 4.12 shows the results of matching the calculated total head and observed water-level elevation. As
shown, the vadose zone model provides a close match for both total head and water-level data records.
The final match was derived using a moderately high pneumatic diffusivity of 0.20 m2/s and a back-
ground water-table trend of -5.8E-04 rdd. The pneumatic difisivity value obtained with vadose zone
model analysis is consistent with the previous regression analysis findings of relatively rapid transmission
of the barometric signal to the water table (i.e., high dependence on early time lags) and ii comparable
with the vadose zone model value obtained for the nearby well 699-43-42K site.

Figure 4.13 shows the total head barometric correction plot for well 299-E33-41, developed using the
vadose zone model. These results can be directly compared with the multiple-regression correction plot
presented in Figure 4.9. A visual examination of the tsyo methods indicates more residual variability for
the vadose zone model compared to the multiple-regression results. The greater variability is believed to
be attributable to the effects of wellbore-storage/skin and the well-screen completion across the water
table. Both of these well conditions are not accounted for within the vadose zone model.
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Figure 4.13. Vadose Zone Model Barometric Correction of Open-Well Total Head Response
for Well 299-E33-41

4.2.4 Removal Method Comparison

Although the comparison of barometric removal methods is not filly comprehensive, a number of
observations can be presented about their characteristics and application. Multiple-regression deconvo-
lution techniques appear to have a wider application in removing barometric effects from various aquifer
and composite well/aquifer-response systems. Because of this wider adaptability, higher quality correc-
tion results are likely. Multiple-regression methods, however, require longer baseline data periods to be
effective, and quantitative characterization of the physical system properties controlling the barometric
response cannot be directly determined by the matching analysis results.

In comparison, the vadose zone model can be applied with minimal baseline da~ and physical
system properties (e.g., pneumatic difisivity, vadose zone thickness, background water-table trend) can
be determined directly from the analysis. A weakness of the vadose zone model is its inability to account
for wellborestorage, well-skin, and speeific boundary situations where the water table occurs with the
well-screen section, allowing direct transmission of the atmospheric pressure signal to the water table
through the well. Depending on the imposed severity of tiese local well and boundary conditions,
removal of barometric effects from aquifer test data maybe more limited using the vadose zone model.
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5.0 Flow Direction and Hydraulic Gradient Determination

The effects of barometric pressure fluctuations on well measurements were discussed in the preceding
sections. Based on those discussions, it is apparent that atmospheric pressure fluctuations may cause
temporal variations in groundwater~flow patterns within unconfined aqutiers that exhibit low hydraulic
gradient conditions and variable vadose zone properties (e.g., 200 East Area of the Hanford Site). This is
due to the areal variation in transmission of atmospheric pressure to the water-table surface, which is part
of the total hydraulic head governing groundwater flow.

For the determination of groundwater-flow direction and hydraulic gradient, total head (not well
water-level elevation) should be the hydrologic parameter analyzed. For wells not exhibiting significant
wellbore-storage/well-skin effects, total head can be calculated for confhed, and unconfined aquifers by
adding the incremental barometric head (as compared to the reference barometric value) directly to the
well water-level (elevation) measurement. Groundwater-flow direction and hydraulic gradient can be
determined by standard trend-surface-fitting methods (or three-point problems) using total head measure-
ments obtained from monitoring wells that meet the following criteria

. are along the same hydrologic flow plane (i.e., planar potential surface)
● are measured close in time (e.g., within 12 h [1 to 4 h for low-gradient areas])
● monitor similar depth intervals within the respective hydrogeologic unit
. display similar dynamic well-response characteristics (e.g., to barometric fluctuations)
● are not significantly affected by well-skin effects.

To evaluate the sensitivity of groundwater-flow direction and hydraulic gradient determinations
within a low-gradient are% standard frequency (e.g., semiannual) Hanford Site water-level data were
analyzed for wells used to monitor conditions surrounding the 2 16-B-63 Trench. This site was identified
in Hartrnan ( 1999) as a low-hydraulic gradient area (- 0.0003 to - 0.00005), which is difficult for deter-
mining groundwater-flow conditions. Figure 5.1 shows the monitoring well locations surrounding the
216-B-63 Trench.

To assess whether the uncertainty in groundwater-flow direction and hydraulic gradient could be
reduced for this are% available monitoring wells were evaluated for quantitative analysis using some of
the screening criteria listed above. Because detailed barometric response analysis data were not available
for these wells, a general evaluation of the temporal water-level-response characteristics for wells com-
pleted at similar depth intervals was performed for data collected during calendar years 1996 through
1999. Figure 5.2 shows the general, similar, dynamic well-response characteristics exhibited for the
seven monitoring wells selected for detailed groundwater-flow characterization. The overall declining .
water-level elevation trend pattern is consistent with cessation of wastewater disposal activities, both at
the 216-B-63 Trench (in 1992) and surrounding areas (e.g., B Pond).

To facilitate quantitative determination of groundwater-flow direction and hydraulic gradient condi-
tions, the commercially available WATER-VEL (In-Situ, Inc. 1991) software program was utilized.
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Figure 5.2. Comparison of Well Water-Level Elevation Response for Selected Wells
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Water-level elevation and calculated total head values were used with the WATER-VEL program to
calculate the groundwater-flow direction and hydraulic gradient. The program utilizes a linear, two-
dimensional trend surface (least squares) to randomly located hydrologic head or water-level elevation
input data. This technique is accurate as long as the two-dimensional linear approximation is applicable
(i.e., no significant vertical groundwater-flow gradients exist within the aquifer). This method is similar
also to the linear approximation technique described by Abriola and Pinder (1982) and Kelly and Bogardi
(1989). A report that demonstrates the use of the WATER-VEL program for calculation of groundwater-
flow velocity and direction is presented in Gilmore et al. (1992).

Because surrounding well water-level measurements were collected, in some cases, over a period of
several days, the effects of barometric pressure fluctuations maybe expected to exert a discernible influ-
ence in calculating groundwater-flow direction and hydraulic gradient. Figure 5.3 shows the relationship
of well water-level elevation measured at 10 different 216-B-63 Trench-monitoring wells and the bar-
ometricpressure fluctuation pattern over the field measurement period (November 5-6, 1996). As show
the barometric pressure varied by 0.06 m during the actual period of well measurements, which compares
with a maximum O.10-m water-level elevation difference between wells. Although this atmospheric
pressure change is relatively small, because of the small differences in well water-level elevations, small
changes in barometric pressure may exert a significant impact in the asse&ment of groundwater-flow
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patterns. As suggested in Figure 5.3, if the well measurements would have been delayed a day at the
facility, considerably greater barometric effects would have been evident in the characterization results
(i.e., a barometric pressure change of 0.18 m was evident between calendar days 310.5 and 3 11.5).

To assess this possible influence, groundwater-flow characteristics were calculated, based both on
observed well water-level elevation measurements and calculated total head values (based on the recom-
mended Hanford Site barometric reference value of 10.087 m). Table 5.1 lists the results of quantitative
trend-stiace analysis for six measurement periods for the seven selected monitoring wells over a
2.5-year period. As shown, nearly identical results were obtained, using either water-level elevation or
total head measurements. This close correspondence is attributed to the fact that most of the well meas-
urements were collected over a relatively short period of time (i.e., within a few hours). Total head calcu-
lations, based on barometric head adjustments, would be expected to be more uniform and reflective of
actual groundwater-flow patterns. The most diversity was exhibited for the November 1996 data set that
was collected over a 2-day period. As indicated in Table 5.1, the results of the trend-surface analysis
provide a consistent pattern of estimated flow direction (primarily southwest) and hydraulic gradient
(2.lE-04 to 2.8E-04) using water-level elevation and total head measurements. The indicated
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Table 5.1. Trend-Surface Hydraulic Gradient and Groundwater-Flow Direction Determinations
for Selected Wells Monitoring the 216-B-63 Trench(a)

I Flow Direction
(0° = E; 90°= N)

[

Water-Level
Date Elevation TotalHead

November5-6, 1996 247° 239°

May 5-6, 1997 231° 233°

December4, 1997 I 224° I 228°

June 8,1998 228° 229°

December3, 1998 230° 228°

March8, 1999 I 237° I 235°

AverageValues 233 232
(StandardDeviation) (~8.Q (*4.5)

(a) Monitoringwell set 299-E27-11,-E27-16,-E27

1.8E-04 5.6E-04 0.088/ 0.15110.063

1.8E-04 2.3E-04 0.105/ 0.105/ 0.009

1.8E-04 2.IE-04 0.098/ 0.097/ 0.003

2.lE-04 2.IE-04 0.121/0.119 / 0.003

2.lE-04 2.OE-04 0.108/ 0.108 i 0.003

2.9E-04 I 2.6E-04 I 0.105/ 0.104/0.004

2.lE-04 2.8E-04 0.104/0.114/0.014

(k4.3E-05) (fl.4E-04)

7, -E27-18, -E27-19, -E33-37, -E34-8.

.southwesterly groundwater-flow direction contrasts slightly with the reported westerly groundwater-
flow direction reported in Harttnan (1999); however, the consistency in the determinations with time
in Table 5.1 adds credibility to the indicated groundwater-flow pattern characteristics.

For comparison purposes, Table 5.2 lists the results of quantitative analysis for the same six measure-”
ment peri~s using all the surrounding (ten) monitoring wells. (Note: Wells 299-E33-33 and -E33-36
were not included with the other indicated wells in the analysis because of significantly lower water-level

Table 5.2. Trend-Surface Hydraulic Gradient and Groundwater-Flow Direction Determinations for
Wells Monitoring the 216-B-63 Trench(a)

I Flow Direction,
(0° = E; 90°= N)

November5-6, 1996 236° 238° 1.lE-04 3.7E-04 0.09710.160 / 0.063

May 1,5-7,1997 207° 230° 8.3E-05 2.5E-04 0.109 / 0.185/ 0.097

December4, 1997 188” 205° 7.8E-05 9.3E-05 0.116/0.114/0.004

June 8, 1998 194” 187° 8.OE-05 7.9E-05 0.121 / 0.119/0-003

December3-4, 1998 213° 226° 1.lE-04 2.OE-04 0.115/0.115/0.065

March 8, 1999 229° 223° 1.6E-04 1.3E-04 0.118/0.119/0.005

AverageValues 211 218 1.OE-04 1.9E-04 0.113/0.135 /0.040
(StandardDeviation) (*18.9) (*18.8) (+3,1E-05) (*1.lE-04)

[a) Totalmonitoringwell seti 299-E27-8,-E27-9,-E27-11,-E27-16,-E27-17,-E27-18,-E27-19,-E33-37,
-E34-8, -E34-1O.
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elevations and different dynamic well responses.) As indicated, greater variability in groundwater-flow
direction and hydraulic gradient are exhibited when screening criteria are not employed. In addition,
several of the data sets for the expanded 2 16-B-63 Trench well network were obtained over a longer
measurement period (e.g., May 1997). Water-level elevation measurements obtained over a longer period
of time would be expected to exhibit greater variability because of the varying effects of barometric
pressure fluctuation. These collective findings suggest that the quantitative analysis of calculated total
head (rather than well water-level elevation) for monitoring wells selected on the basis of the previously
recommended screening criteria may reduce uncertainty in groundwater-flow characterization in low-
gradient areas.
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6.0 Conclusions

For detailed hydrologic investigations, water-level elevation information obtained from wells should
be converted to total head measurements for quantitative analysis of groundwater-flow characteristics and
hydraulic properties. Open wells, however, may exhibit a delayed response to variations in atmospheric
pressure and provide erroneous indications of total head conditions within the surrounding aquifer. Baro-
metric fluctuations represent an areal, blanket stress applied at the land surface. The manner in which a

well/aquifer system responds to changes in atmospheric pressure is related directly to the existing aquifer
system and wellbore-storage/welI-skin conditions. Closed-well installations (i.e., systems closed below
the water table) provide a means of eliminating barometric pressure-induced wellbore-storage effects and
provide direct measurements for tot@ head within the surrounding aquifer. Absolute pressure probe
measurements can be utilized directly for calculating total head within the aquifer. For open-well water-
l&el elevation measurements obtained from surface-based depth-to-water measurements or tierred from
downhole differential pressure transducer measurements, the incremental change in barometric pressure
from a site reference value should be added to the water-level measurement to obtain total hydraulic head.
The reported Hanford Site, long-term, average atmospheric pressure of 10.087 m is recommended as the
reference pressure for Hdord Site hydrologic investigations.

For determining groundwater-flow pattern characteristics in low-hydraulic gradient areas, efforts
should be made to ensure that wells used in the flow analysis are highly communicative with the sur-
rounding aquifer and exhibit similar dynamic responses to barometric fluctuations (temporal) and/or
longer term hydrologic stresses (e.g., local recharge, pumping). Total head values calculated from well-
based measurements should be obtained closely in time, with atmospheric pressure noted at the time of
measurement and corrected for changes from the site refem,nce value. Trend-stiace analysis of the areal
total head values provides an expedited means for analyzing groups or clusters of closely spaced wells
and assessing individual importance in determining groundwater-flow pattern characteristics.

For aquifer tests adversely affected by barometric fluctuations, these effects should be removed from
the well water-level data prior to test analysis. Several techniques have been shown to be effective in
removing the effk.ctsof barometric fluctuations:

. for uncorfmed aquifers
multipleregression deconvolution techniques

- vadose zone model (Weeks 1979)

. for confined aquifers
multiple-regression deconvolution techniques

- Clark (1967) method.

Diagnostic barometric response analysis can be used effectively for distinguishing between confined
and unconfined aquifer system behavior and identi@iig the presence of wellbore-storage/well-skin
effects. Both diagnostic and removal methods require the collection of extended periods of corresponding
baseline barometric and well water-level measurements. For Hanford Site conditions, it is recommended
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that a minimum of 5 days of baseline data be collected at a measurement frequency of every 10 to 30 min.
For unconfined aquifers, the measurement frequency is a fimction of water-table depth and vadose zone
characteristics (i.e., for shallow depths and higher vadose zone pneumatic diffbsivity values, more
frequent measurements are required). For water-table depths >50 m and for pneumatic diffhsivity values

>

<().1()m2/s, it is expected that a measurement frequency of every 30 min can be effectively employed.

For areas and/or situations where barometric effects may significantly impact the determination of
.

groundwater-flow patterns or aquifer test characterization, closed-well systems provide a means of elimi-
nating complicating factors affecting open-well measurements. Closed-well installations that provide
in-well isolation below the water table appear to provide the best systems for effectively removing time-
delaying effects of wellbore-storage/well skin from well measurements, as well as eliminating the direct
transmission of atmospheric pressure changes through the well to the water table. For unconfined aqui-
fers, absolute pressure probe measurements, obtained in conjunction with closed-well systems, monitor
the time-lagged total head response (within the aquifer) to atmospheric pressure changes occurring at land
surface. For aquifer test analysis applications, barometric pressure removal methods (e.g., multiple-
regression deconvolution, vadose zone model) appear most effective when used in conjunction with well
data collected with closed-well systems.
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